Artificially engineered multiphase heterostructures with high permittivity, high permeability and low dielectric and magnetic losses are desired for microwave applications. In addition, the direct conversion of electrical (and/or magnetic) energy to mechanical work through a material response is important for many practical applications. Thus, there is a need for sensitive and quantifiable techniques to probe how uniaxial strain affects the complex effective permittivity or magnetic permeability of particulate-filled polymers. We describe an apparatus for in situ studies of the effective electromagnetic properties of filled polymers under elongation. As currently configured, our new system will already be of significance to a wide variety of research, and in particular in the materials, automotive as well as aeronautical science. In this paper, we describe the design and operation of the measurement system. Two examples of preliminary observations of electromagnetic properties of filler reinforced polymeric materials under axial strain have been obtained and are presented to illustrate the utility of this instrumentation. On one hand, the effective permittivity of carbon-black-filled SBR (styrene-butadiene rubber) is discussed as a function of the carbon black volume fraction, frequency and extension ratio. On the other hand, we also show how the effective permeability of plasto-ferrite at microwave frequency changes due to external stress. This paper concludes with suggestions for possible research topics of current interest where the knowledge of material parameters under stress would be beneficial to the basic understanding of physical processes.
Introduction
Within the materials science community, the study of dielectric and mechanical (stress/strain) properties has been the topic of long time interest for characterizing multiphase composites which contain microscale and nanoscale components, such as polymer-filled systems. The dispersal of conducting or dielectric inclusions in polymeric hosts is used extensively in a broad range of domestic and industrial applications such as reinforced elastomers [1] , tunable-microwave devices [2, 3] , remote-interrogated magnetoelastic sensors [4] , electromechanical actuators and current-limiting thermistors [5] [6] [7] , to mention but a few. The incorporation of particulate fillers such as carbon black, carbon fibres and silica into vulcanized rubbers is of significant technological importance since the filler not only enhances the macroscopical mechanical properties of the final products but also decreases the cost of the end product [8] . While significant progress has been made towards a microscopic understanding of the reinforcement effect [9] , or a molecular-based model of hyperelasticity and stress softening as typically observed during the Payne effect [10] [11] [12] , large gaps remain, e.g. for many applications, a key question with regard to filled polymers is how wave transport properties are modified as the polymeric material is drawn. To understand how mechanical stretching affects the polarization and magnetization mechanisms, and how to control them, it is necessary to correlate the study of particles/polymer chain interactions, the characterization of the elasticity network and the measurement of the effective permittivity and the permeability with the theoretical modelling/simulation of filled materials containing complex-shaped particles having arbitrary property mismatch with the embedding medium.
When describing electromagnetic wave transport in the presence of a material, it is convenient to describe the response of the material by the material parameters: the (relative) permittivity ε and (relative) magnetic permeability µ which are the two fundamental parameters that describe the response of matter to external ac electric and magnetic fields. One of the best known methods for characterizing the permittivity is dielectric spectroscopy [13] [14] [15] [16] . In the past five years, the work in our group has focused on using microwave frequencydomain spectroscopy (GHz-FDS) to study intrinsic material responses associated with various relaxation and resonance phenomena [15] [16] [17] [18] [19] . Through such measurements, GHz-FDS is a pervasive tool to access materials parameters in a wide variety of material systems. Furthermore, the availability of vectorial network analysers has enabled the achievement of well-established techniques for the measurement of ε and µ over a wide range of frequencies. Although investigation of the microwave response in dielectric and magnetic materials is far from new, it is also true that ε and µ measurements are far from commonplace.
Based upon this premise, it is of considerable interest to carry out a quantitative experimental study on how an applied deforming force may affect the electromagnetic properties of a polymeric material. The mechanical and dc electrical properties of carbon-black-filled ethylene-octene elastomer, up to approximately 500% strain, were recently reported by Flandin and co-workers [20] . Many authors [21] [22] [23] pointed out that the viscoelastic behaviour is caused by the increase in the number of ordered chain domains during extension. Despite the progress, a full treatment of the electromagneticmechanical coupling that is widely applicable to many substances is not yet available in the literature. The difficulty is due to many particle correlations that are essential to describe the chain and particle filler networks. During our studies on the microwave characterization of carbon-black-filled polymers, it has become more and more apparent that the electrical, thermal and mechanical properties of particle-filled polymers depend sensitively on the network structure (mesostructure) adopted by the polymer chains [24] [25] [26] [27] [28] . Hence, GHz-FDS reflection/transmission spectroscopy as a function of the applied strain is an invaluable tool for studies of the elongationdependent ε (and µ) of filled polymeric materials.
Values of the effective permittivity and permeability of macromolecular materials under uniaxial tension are, in most cases, not easily available from handbooks, physical property tables, technical papers or manufacturer data sheets [29] . Consequently, values from the literature will not fit the actual value of a particular sample resulting in low predictions of a given design performance. Clearly there is a need to pursue an investigation into the broadband coupling between the electromagnetic and mechanical effects in these materials as appropriate facilities are not numerous. The principal goal of this paper is to develop and describe the implementation of a mechanical arrangement coupled to a broadband microwave measurement of ε and µ that can be used to span a wide range of applied deforming force. What distinguishes our instrumentation from previous experimental reports in the literature is that not only are the ac electromagnetic parameters detected but also the static (dc) conductivity as in, e.g., [20] [21] [22] . To the authors' knowledge, we are not aware of another study of the (dynamical) electromagnetic properties of such stretched materials. In this context, the present system allows us to draw a complete picture of the dielectric (and magnetic) loss mechanisms at microwave frequencies and their correlation with the mechanical properties. Thus, it may help develop methods of improving the process conditions and morphology of artificial materials presenting polarization and magnetization changes due to the application of an external stress, and thereby reduce the microwave losses. In this paper, we characterize the system performance in a number of different configurations. Two applications of this issue are addressed through: (a) a study of the changes in the microwave permittivity of carbon-black-filled elastomeric systems that occur during an uniaxial stress, and (b) a characterization of the magnetic permeability, at microwave frequency, of a plasto-ferrite, as a function of the longitudinal stress in the sample.
The layout of the remainder of this paper is as follows. In the next section, we give a descriptive overview of the experimental set-up and procedures used in this work. Section 3 provides two canonical examples of the use of the system: permittivity measurements of carbon-blackfilled elastomers are reported in section 3.1, the magnetic permeability of plasto-ferrites is discussed in section 3.2. Finally, in section 4, we make several concluding remarks. Prospects are also discussed in this section.
Experimental set-up and procedures

Mechanical arrangement
Rather than designing and assembling our own mechanical arrangement 'from scratch', which clearly would have required more time and more resources than were available to us, we instead decided to embark upon a modular approach, using a commercial tensile test bench (EX 150) purchased from Deltalab. Figure 1 illustrates the experimental set-up used to study the effects of stress on the samples. The experimental test bench consists of a mounted rigid triangular frame with a load application device. The maximum amount of strain attained by our mode of operation is limited. However, this deformation apparatus is capable of generating up to 100% axial strain on a 4 cm long sample. Extension of the specimens is measured on dial gauges. In our set-up, composite samples, with the required dimensions, were clamped at their ends as shown in figure 2 . One of the major advantages of our technique is that because large samples can be used, microstructural evolution during deformation and its effect on electromagnetic properties can be investigated. Care was taken in aligning the sample of test material in the direction of elongation (y-axis). It is worth noting that this arrangement can be conveniently implemented with a solenoid, long enough to accommodate a 10 cm long sample, allowing measurement with a magnetic field parallel to the propagation vector of the electromagnetic field.
Instrumentation for electromagnetic measurements
A perspective view of the custom-built measurement cell is depicted in figure 2 . Full details on the design and specification of the microwave spectrometer are available in the previous article [30] , and only a brief summary will be provided in this section. The current method was employed to extract the effective complex (relative) permittivity ε = ε − jε and (relative) permeability µ = µ − jµ of a composite sample from microwave measurement, where j = √ −1. Basically, this technique involves measuring the transmission/reflection coefficients of an asymmetric microstrip transmission line containing the sample. The measurement of the scattering parameters (S parameters) is achieved using a Agilent H8753ES network analyser with SOLT calibration. The test device is used as Thru in the transmission connection. Control of data acquisition and data storage is accomplished with LABVIEW 6.1 graphical programming software 3 operating in a WINDOWS 2000 environment. A utility program extracts the data and generates ε and µ spectra as individual files in TXT format. Data can be saved to permanent media in a format allowing easy access with various analytical tools for model fitting and line shape deconvolution. Thanks to the use of networking, data are easily transferable for archiving and further processing. The innovation in the development of this stripline method was especially important since it enables the following capabilities in practice: (1) the ability to perform simultaneous measurement of ε and µ; (2) the ability to perform automated wide spectral coverage GHz-FDS and (3) the ability to measure ε and µ when a magnetic field or an external stress is applied. Figure 3 shows in cross section the geometry of the cell, where the main elements are indicated. The lower part of figure 3 depicts an idealized model of the structure with the relevant S ij parameters. The cell body and support posts are constructed from brass. The sample is sandwiched between the 9 mm long, 50 microstrip line and the ground side. On each side, a 0.015 in diameter coaxial cable was soldered into the holder with its bare centre conductor lying directly on the stripline. In terms of lumped elements, the test device could be thought of as making up a simple LC circuit, with L 0 being the inductance and C 0 being the capacitance of the parallel plate transmission line. In the presence of a sample in the propagating structure, the inductance and the capacitance become L = µL 0 and C = εC 0 , respectively. While the lumped element model describes the line conceptually, it is not an adequate description at gigahertz frequencies. As outlined in [30] , the quasi-TEM transverse electromagnetic mode, which is the only mode that propagates in the structure, makes analysis of the complex transmission and reflection coefficients created by the discontinuity between the line and the sample relatively uncomplicated. Using the NicolsonRoss procedure for the transformation of the load impedance by a transmission line [30] , ε and µ are determined by the transmission S 21 and reflection S 11 parameters.
The method enables us to calculate simultaneously ε and µ of the material from the measurement of the S 21 and S 11 . An error analysis indicates modest uncertainties in ε (<5%), ε (<1%), µ (<3%) and µ (<1%) for the data. One further feature of the measurement system is worth commenting on. To obtain accurate measurements of ε and µ, it is particularly important to account for the residual air-gap between the sample and the line walls. On one hand, the air space increases as the extension is increased. On the other hand, the gap is determined by the roughness of the surfaces of the measured samples.
Although isotropic dielectric and magnetic materials are considered in the present study, it should also be recognized that many artificial composite materials are anisotropic in the microwave region of the electromagnetic spectrum. Research into the characterization of the permittivity and permeability tensors in dielectric and magnetic heterostructures having anisotropy is still new and is in its developing stage. Different experimental techniques and geometries measure different components of these tensors; for these topics, the reader is referred, for example, to [18] .
Materials
We have obtained examples of carbon black (N347-grade) filled SBR (styrene-butadiene rubber) with T g = −38
• C (25% weight of styrene, density 0.94 g cm . The demagnetization of sample was achieved using the principle of capacitor discharge (Magsys, Brockhaus MessTechnik). We took special care to prepare test samples in the form of rectangular strips with dimensions 50 mm × 13 mm × 1.8 mm (length (y-axis), width (x-axis), thickness (z-axis)), respectively. The surfaces of the test samples were prepared by single-point diamond finishing. Since differences in performance between nominally identical specimens of a polymeric material can arise, uniformly thick samples were cut from the composites along multiple directions. The ε and µ data for five different individual strips did not differ significantly, thus confirming a random orientation and distribution of the filler particles within the polymer matrix, and a good repeatability of the measurement.
Testing methodology
Many types of measurements can be performed with our experimental apparatus. In the present study, the extension after each measurement of ε and µ of the test sample was raised by 0.1 up to 1.7 (at a quasiconstant rate test which can be adjusted, typically 5%/min) then decreased by 0.1 down to 1. It usually takes at least a minute or so to: (1) measure the dimensions of the sample after having reached the desired extension ratio, and (2) complete the frequency scanning in the entire working spectral range and measure the S parameters. Following this, the sample is subjected to the next stretch ratio. In another type of measurement (the results will appear elsewhere), we addressed the dielectric (or magnetic) behaviour upon a cycling of stress by applying the desired number of steps and strain rate.
Experimental results from the demonstration system and discussion
To present the utility of the demonstration system described above two series of experiments were performed. The first one obtained data on composite material made by introducing conducting particles (carbon black) into a dielectric (polymer) matrix. The investigation is also carried out on a second type of polymeric samples incorporating ferrite particles. Even if it is possible to make measurements over a wide spectral range, i.e. 10 −3 GHz < F < 10 GHz, for our purpose, the present measurements will be restricted to a relatively narrow spectral range. All samples extended uniformly during the tests and no necking was observed. These two sets of measurements were performed at room temperature.
Effective permittivity of carbon-black-filled elastomers
Figures 4(a) and (b) show typical spectral profiles of the effective complex permittivity ε measured at different indicated extension ratios λ. Considering qualitative features exhibited by the data, the most apparent is that the real, ε , and imaginary, ε , parts of ε get smaller as λ increases. This is in accord with the experimental electrical conductivity measurements of Flandin et al [20] and Wen et al [31] , on vulcanized rubber composites that show a sharp decrease of dc conductivity at low strains. Due to imperfections of the internal calibration of the network analyser, undulations are visible in the spectral curves. When the parameter λ is varied back and forth, the system does not always follow the same path for a given value of the parameter; in other words it displays hysteresis, i.e. compare figures 4(a) and (b) with figures 5(a) and (b). Since the initial work of Voet and co-authors [21] , the effect of stress on the (static) electrical properties of these materials has been investigated by several groups [20, 22] . For example, an early paper [22] reported that the relative change of resistance of a parallelepipedic sample, measured by a four-probe ac method (that eliminates the influence of contact resistance), is ∝ [(1 + 2ν)λ + 2νλ 2 ], where Poisson's ratio ν is defined as the negative ratio of lateral strain over longitudinal strain during uniaxial tension in the elastic deformation regime. Note that the qualitative picture of the physics advanced in [20] is roughly consistent with the results of the present work.
There are several things to note about these plots. In figures 4 and 5, the slope of the real part, ε , and imaginary part, ε , of the effective permittivity can be described by a powerlaw decay, similar to what occurs in carbon black-epoxy resin mixtures [14] . We have fitted the permittivity values in this microwave region with a power law: ε − ε ∞ ∝ F −b , and ε ∝ F −b , where ε ∞ denotes a suitable high-frequency permittivity. The origin and implications of this formulation are discussed in detail in [14, 15] . The result of the fit b varied between 0.08 and 0.23, in general agreement with previous studies [14] [15] [16] 19] . The more conductive the sample, the larger the value of b becomes. It was also noted that the b parameter depends only slightly on the extension ratio λ. An important experimental issue concerns the volume change due to the stress σ = ∂f ∂λ T under uniaxial tension, where f denotes the elastic free energy of the system. Figure 6 presents the length, width and thickness normalized to their initial values, as a function of λ as an example. We see that the two perpendicular directions experience symmetric contraction by 1 √ λ and the principal direction is elongated by
Here the length of the rectangular-shaped sample is measured with respect to the initial length 0 of the sample. From this, we can infer that these variations reflect volume conservation of the incompressible rubber. In other words, it confirms that ν is equal to 0.5. Over the past 60 years, a large variety of theories of rubber elasticity have been put forward, e.g. [32] [33] [34] . To interpret the experimental behaviour of permittivity as a function of the (dimensionless) extension ratio λ, the Gaussian molecular network model (GMNM) is employed [32] [33] [34] . Despite the fact that correlating the microscopic to the macroscopic response to strain of polymer networks is notoriously difficult because of the complexity of the quenched, random connectivity and topology, a number of interesting results have been obtained on the basis of the GMNM. The central idea of the GMNM is that macroscopic deformations affect distances between neighbouring monomers only weakly, while distances between distant monomers change affinely with the macroscopic strain. The GMNM predicts the stress to be related to λ by a functional form ∝ λ − 1 λ 2 . The physics of the GMNM is relevant to the phenomenology of elasticity networks, and has been applied to many macromolecular systems, including gels and rubbers [33] . As illustrated in the graph of figure 7(b) , the experimental trend is in excellent agreement with the GMNM functional form constrained to pass through the origin. We expect the GMNM to work only when the assumption of affine deformation is valid, which should be true up to 30% strain. Within the range of higher applied strain (λ > 1.3) there seems to be a consensus amongst experimenters that the observed stress-strain relation should be described in the context of a non-Gaussian molecular network model for rubber elasticity.
In figures 8(a) and (b), we present the experimental data of the permittivity versus carbon black volume fraction at two values of λ. The qualitative evolution of ε and ε as a function of the carbon black fraction is consistent with previous observations [15, 16, 19] . It turned out that the actual conductivity measurements as a function of the carbon black amount could be accurately described (by the solid line in figures 8(a) and (b)) if the simulated permittivity was expressed by the Bruggeman effective medium equation [16] , when the carbon black volume fraction is less than φ c . This originates from the multipole effects which are not taken into account in the Bruggeman equation [16] . In the present calculation, the values of material parameters were implicitly assumed: ε 2 (1 GHz) ∼ = 0 for SBR, and
, where ε 0 = 8.85 × 10 −12 C 2 N −1 m −2 and σ 1 = 7 × 10 2 −1 m −1 is the electrical conductivity of carbon black; see [16] and references therein. Note that the value of σ 1 may differ from the value of the electrical conductivity of a pure powder compact of this material [24] . Root finding and graphing routines in Mathematica were used to simulate ε for each sample. Although the simulated conductivity is a good match, other equations could have been used to fit the data, but they generally require the introduction of additional variable parameters or further speculations on the microstructure geometry. To ascertain whether the Bruggeman or another equation is more correct (or whether they are both off the mark), one must focus on the fundamental physical problem of identifying the constraints intrinsic to the effective medium description of complex disordered materials, e.g. [14, 16] . We do acknowledge that success in describing the high-frequency properties of filled polymers on length scales far shorter than either the wavelength of the radiation or skin depth within the material does not imply that all the general properties of these materials can be addressed within the meanfield (Bruggeman-like) theories.
The implication of the present results is now briefly considered. The real part of ε, ε is a measure of the polarizability of the material. At microwave frequencies, it has been firmly established that the imaginary part of ε (dielectric loss factor), ε , of carbon-black-filled polymers occurs as a result of two main mechanisms: re-orientation of the permanent dipoles, and interfacial polarization (grain boundaries), i.e. the Maxwell-Wagner polarization [15] . The notion that the observed change in mechanical and electrical properties of carbon-black-filled polymers can be caused by the three-dimensional network of carbon black aggregates and agglomerates throughout the material has been around for a few decades, but recently published experimental and computational studies have shown that the details of the percolation mechanism are still unknown [35] [36] [37] . Concerning the apparent physical mechanism for the remarkable decrease in permittivity and conductivity, we make the following two comments. Firstly, it is widely believed, e.g. [21] , that the decline in ε and ε is primarily determined by the carbon black phase in connection with the structural arrangement of the carbon black aggregates within the polymeric matrix. However, the data in figure 7 suggest a strong interplay between the entropy driven elasticity network and the van der Waals attraction driven network of carbon black. Secondly, we hypothesized that the slow dynamics of the breakage and rebuilding of the carbon black network can account for the observed hysteresis.
Effective magnetic permeability of plasto-ferrites
We next shift our focus to examine the influence of uniaxial tension on the zero-field effective magnetic permeability of a thermosetting resin filled with ferrite particles. Ferrite materials, such as spinel or barium ferrites, possess a wide range of magnetic properties due to high chemical stability, lower density than that of ferromagnetic metals, low conductivity thus reducing the eddy current losses and high level of magnetic losses. In general, spinel ferrites are not suitable for microwave applications, such as circulators or isolators, because of their low resonance frequency (typically, below a few hundred MHz). Barium hexagonal ferrites have a higher permeability in the GHz frequency range of the electromagnetic field and a higher resonance frequency than spinel ferrites. It should be noted that knowledge of grain-boundary properties is of basic importance, and to a large extent these properties determine the material parameters [38] . Plasto-ferrites, i.e. organic resins and rubber traditionally considered as good carrier matrices, are important since they have useful applications as microwave absorbers and flexible magnets. In addition, the mouldability of these composites into complex shapes is another advantage.
In figure 9 , we show typical spectra of the effective permittivity (real and imaginary parts) of the magnetized . Representative (relative) effective complex permittivity ε spectra of a magnetized plasto-ferrite. Square (resp. circle) symbols denote the real (resp. imaginary) part of ε. Open (resp. filled) symbols correspond to λ = 1.023 (resp. λ = 1). Room temperature. . Representative (relative) effective complex magnetic permeability µ spectra of a magnetized plasto-ferrite. Square (resp. circle) symbols denote the real (resp. imaginary) part of µ. Open (resp. filled) symbols correspond to λ = 1.023 (resp. λ = 1). Room temperature. Extension λ Figure 11 . Dependence of the length change (circles), width change (squares) and thickness change (triangles) normalized to their initial value for the demagnetized plasto-ferrite, as a function of the extension ratio λ. The solid and dashed curves represent the λ − 1 and
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− 1 functions, respectively. Open (resp. filled) symbols correspond to data obtained by increasing (resp. decreasing) the stretch ratio from 1 to 1.023 (resp. from 1.023 to 1).
plasto-ferrite sample at two different extension ratios (λ = 1 and λ = 1.023). The corresponding spectra of the real and imaginary parts of the effective permeability are displayed in figure 10 . The spectra for the demagnetized state were also recorded (not shown). Figure 11 depicts the extension dependence of the change of sample dimensions relative to their respective initial value for the demagnetized sample. The most striking feature of these experimental data is that the lateral dimensions cannot be adequately described as ∝ 1 √ λ that models the contraction of a volume invariant sample. This is attributed to the much smaller Poisson's ratio ν ∼ = 0.3 of the plasto-ferrite sample. One can draw the same conclusion for the magnetized sample since the results (not shown) are not significantly different. Not surprisingly, it should be noted here that the range of extension explored is much reduced compared with the case of elastomers because the strain at break of the sample was ∼ =3%. Figures 9 and 10 are key figures in this paper. Four features of the experimental results are worth noting: (1) as can be seen from figures 9 and 10, while ε , ε and µ are only slightly modified with increasing λ, there is significant deviation in the values of µ , especially in the low-frequency portion of the spectrum; (2) the major effect of varying the extension ratio, evident from inspection of figure 10, is that the (mean) resonance peak at ∼ =1.3 GHz shifts to higher frequency and becomes narrower with increasing λ. At this point we should mention that the µ spectrum contains two broad peaks (the one already mentioned at ∼ =1.3 GHz and a second one at ∼ =3.5 GHz). Interestingly, the ε data also indicate a single resonant peak at ∼ =3.5 GHz which does not change with extension in the range of strain explored; it is attributed to the Maxwell-Wagner interfacial polarization. Similar observations have been made for Ni 1-x Zn x Fe 2 O 4 ferrite particles embedded in a butyl rubber matrix [39] . This result alone suggests interesting polarization-magnetization correlations. It is worth observing that a proper combination of ε and µ is appropriate to fabricate a zero-reflection microwave absorber by using an impedance matching map. It was not possible to explore the ε and µ spectra at higher frequency because of the dimensional resonance mode arising at ∼ =6.5 GHz. It is now well established that the permeability spectrum may contain several loss peaks (multiresonances) depending on the different physical mechanisms involved, e.g. ferromagnetic (FMR) resonance and domain-wall motion. In addition, we ascribe the spectral spread to the inhomogeneity of the polycrystalline sample. Although a quantitative comparison of these measurements (for λ = 1) with available data in the literature concerning the microwave properties of ferrite particles randomly dispersed in macromolecular materials is difficult, the present results compare well with previous observations. For example, Li et al [40] have reported the results of a detailed experimental study of the complex permittivity and permeability at microwave frequencies of W-type barium ferrite BaZn 2-x Co x Fe 16 O 27 epoxy resin composites, exploring the relationship between dynamic and static properties. The permeability was measured from 0.5 to 16.5 GHz and it was correlated with multidomain and domain-wall resonances in zero-magnetic field. On the other hand, the importance of magnetic interactions within these materials was pointed out by Wu and co-workers [41] who attempted to study the microwave intrinsic permittivity and permeability spectra by incorporating ferrite particles, of compositions BaZn 2- O 22 , and average grain size of a few micrometres, in paraffin wax; (3) an important question for microwave applications is the extent to which the permeability can be influenced by the presence of magnetization. It appears that the overall µ absorption is less intense in the demagnetized sample than in the magnetized sample, and this Figure 12 . Ferromagnetic (FMR) peak resonance against extension ratio λ for the sample studied. Square (resp. circle) symbols correspond to the magnetized (resp. demagnetized) sample. Filled (resp. open) symbols correspond to data obtained by increasing (resp. decreasing) the stretch ratio from 1 to 1.023 (resp. from 1.023 to 1).
reduction is qualitatively consistent with the observations of Krupka and Geyer [42] and (4) another remarkable aspect of the results (not shown) is the weak hysteresis observed in the values of ε and µ measured during increasing and decreasing extension runs. The spectral line shape analysis of the permeability data was performed using the same procedure as in [17] . Each permeability spectrum was modelled as the sum of two Lorentzian components. We next turn our attention to the gradual increase in the FMR frequency peak at ≈1.3 GHz as the extension increases, as can be seen from figure 12. The hypothesis we can suggest to explain this observation is that the shift is mainly due to the stress that causes a variation in flux inside the magnetic material. The fact that the resonance peak ≈1.3 GHz has a nearly constant value for the demagnetized sample (figure 12) is consistent with that picture. Further study is necessary to confirm this suggestion.
The question arises whether these observations concerning strontium hexaferrite-EPDM composites are related to the directional change in the magnetization caused by the applied stress or magnetic field as was observed in studies of the effect of tensile stress on magnetoimpedance in short amorphous CoMnSiB wires at microwave frequencies (0.5-3 GHz) [2, 41] .
Moreover, the analysis of the permittivity response from such composite materials showed a transformation from a relaxation spectrum to a resonant one due to excess stress in the material [2] . However there are some differences with the present data. In the material investigated here, the nature of the interfacial region remains unclear. Although the average grain size of our samples is smaller we expect that matrix mediated particle agglomeration and magnetic interactions can affect the overall properties to a great extent. The reason is the presence of the dipolar interactions due to the surface morphology. Only structural irregularities larger than the magnetic correlation length will lead to variations in the resonance frequency of the local magnetization, i.e. to inhomogeneous line broadening.
Summary and concluding remarks
In summary, we reported on the overall performance of a new experimental system capable of broadband GHz-FDS of macromolecular materials under uniaxial tension. The experimental apparatus couples the mechanical component of the system with an electromagnetic facility for the simultaneous measurement of effective complex permittivity and magnetic permeability. Many experiments at ambient temperature typically show that stress (or strain), under controlled conditions, can significantly alter the dielectric and magnetic properties of particulate-filled polymers. Two series of preliminary measurements performed on the set-up were described. The first one concerned a carbon-blackfilled SBR. Here we presented new experimental data on the dependence of the complex effective permittivity as a function of the extension ratio λ that show unprecedented details and are a good benchmark to study the physics of elasticity network models of filled polymers. A phenomenological scaling ansatz (GMNM) is consistent with a substantial proportion of the experimentally observed permittivity change under elongation. Many features of the correlation between permittivity and extension we have observed here for carbonblack-filled rubber are expected to apply to other polymeric systems as well. In a similar way we have developed a second application concerning plasto-ferrites. Importantly, the present approach enables us to probe spectral differences between the samples subjected to strain. However, many aspects of the magnetomechanical behaviour of these materials are still not understood, impeding full exploitation of these devices.
Our primary aim was simply to explore an experimental technique that can be useful to characterize artificial soft materials developed for use at microwave frequencies, and to give the reader a taste of what can be done using this apparatus, but not to address the physics of the electric and magnetic properties of polymeric-based composite materials in quantitative terms, which will be the subject of another publication. As discussed above, this issue requires more sophisticated approaches to explain properties such as the permittivity and magnetic permeability dependences of filled polymers as a function of elongation. As currently configured, our new system already represents a significant improvement compared to the previous efforts in this subject matter. Drawbacks aside, several improvements to our design could be made which would make the system a useful tool in many instances, e.g. because structural and morphological evolution during stretching of polymers is strongly dependent on temperature, it is necessary to include a homogeneous cooling and heating control system in the operating temperature range of −30
• C to 130 • C. There are several extensions of the current work that would be interesting. One could answer questions about the way the filler particles affect the residual stresses within the macromolecular material. These stresses are often responsible for early failures and defects observed in composite materials. Clearly, further effort is needed to unravel the fatigue and failure mechanisms in filled polymeric materials which contain a high density of interfaces and geometrically constrained environments. These issues also cover the familiar range of interests in nanotechnology from atomic dimensions to microns. The growing ability to design customized nanofillers of arbitrary shape and functionality provides an enormous variety of property modifications by introducing specific heterogeneity at the nanometre scale. In magneticpolymeric nanocomposites, the decrease in conductivity leads to significantly reduced eddy-current losses while the coupling between neighbouring magnetic nanoparticles results in much better soft magnetic properties at high frequencies than those of conventional bulk ferrite materials [17] [18] [19] 43] .
